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Abstract 


The results of supersonic wind-tunnel tests on three probes at nominal Mach numbers of 1.6, 1.8 
and 2.0 and flight tests on two of these probes up to a Mach number of 1.9 are described. One probe is 
an 8° half-angle wedge with two total-pressure measurements and one static. The second, a conical 
probe, is a cylinder that has a 15°, semi-angle cone tip with one total-pressure orifice at the apex and 
four static-pressure orifices on the surface of the cone, 90° apart, and about two-thirds of the distance 
from the cone apex to the base of the cone. The third is a 2° semi-angle cone that has two static ports 
located 180° apart about 1.5 inches behind the apex of the cone. The latter probe was included since it 
has been the “probe of choice” for wind-tunnel flow-field pressure measurements (or one similar to it) 
for the past half-century. The wedge and 15° conical probes used in these tests were designed for flight 
diagnostic measurements for flight Mach numbers down to 1.35 and 1.15 respectively, and have 
improved capabilities over earlier probes of similar shape. 

The 15° conical probe also has a temperature sensor that is located inside the cylindrical part of the 
probe that is exposed to free-stream flow through an annulus at the apex of the cone. It enables the 
determination of free-stream temperature, density, speed of sound, and velocity, in addition to 
free-stream pressure, Mach number, angle of attack and angle of sideslip. With the time-varying 
velocity, acceleration can be calculated. Wind-tunnel tests of the two probes were made in NASA 
Langley Research Center’s Unitary Plan Wind Tunnel (UPWT) at Mach numbers of 1.6, 1.8, and 2.0. 

Flight tests were carried out at the NASA Dry den Flight Research Center (DFRC) on its F-15B 
aircraft up to Mach numbers of 1.9. The probes were attached to a fixture, referred to as the Centerline 
Instrumented Pylon (CLIP), under the fuselage of the aircraft. Problems controlling the velocity of the 
flow through the conical probe required for accurate temperature measurements are noted, as well as 
some calibration problems of the miniature pressure sensors that required a re-calculation of the flow 
variables. Data are presented for angle of attack, pressure and Mach number obtained in the wind 
tunnel and in flight. In the wind tunnel some transient data were obtained by translating the probes 
through the shock flow field created by a bump on the wind-tunnel wall. 
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Introduction 


The accurate measurement of Mach number, pressure and angle of attack at transonic and 
supersonic speeds is important for many reasons in carrying out flight research, such as accurately 
defining the instantaneous in-flight conditions of the generating and probing aircraft as well as the 
generating aircraft’s flow field. It could also be important in minimizing focused booms by aiding in 
the control of the ascent and descent of supersonic-capable aircraft. Changes in altitude and attitude 
and the resulting changes in free-stream pressure and temperature along with changes in velocity all 
contribute to Mach number variations. The 15° conical and wedge probes described herein enable one 
to acquire, and display in real time, Mach number as well as angle of attack. There have been conical 
probes developed and used before, but the one described herein has additional capability or utility. It 
makes a temperature measurement, which allows it to determine, in addition to the aforementioned 
quantities, free-stream static and total temperature, speed of sound, velocity, and acceleration. The 
wedge probe utilized in the present investigation was similar to the one designed and fabricated in 1992 
and described in reference 1. It has about twice the width of the 1992 version, i.e., about one inch, 
which permits it to make measurements down to Mach numbers of -1.35. Successful wind-tunnel tests 
of the original wedge probe have already been made (ref. 1), however, the wedge probe has never been 
flight-tested. The accuracy of the conical and wedge probe measurements is enabled, in part, by taking 
advantage of the exact analyses of conical flow carried out as far back as 1933 (refs. 2 to 8); and the 
wedge probe to those in references 4, 5, and 8. 

Another feature of significance regarding the conical and wedge probes is their ability to acquire 
data in a near instantaneous fashion. This is due to the instantaneous response of the pressure sensors 
to a change in pressure and the close proximity of these pressure gages to the pressure ports. Thus, if 
these probes are on the front end of a probing aircraft, there is no restriction on how fast the probing 
aircraft can traverse the flow field of the supersonic generating aircraft. Similarly, in a traverse of the 
flow field of a generating model in a supersonic wind tunnel there is no reason to stop and go at each 
point when a measurement is made. Also, in flight, the measured flow field signatures are less likely to 
be altered by changes in the generating airplane’s altitude, Mach number and separation distance. In 
the wind tunnel, the required traverses can be accomplished in much less time. 

Wind tunnel tests of the two probes were made in NASA Langley Research Center’s Unitary Plan 
Wind Tunnel (UPWT) at Mach numbers of 1.6, 1.8 and 2.0. Measurements were made of the basic 
wind-tunnel flow quantities and compared to those measured by the wind-tunnel system, as well as the 
variations of the flow quantities across the flow field generated by a 5 -inch bump on the wind-tunnel 
wall. 

Flight tests were conducted at NASA’s Dryden Flight Research Center in March and April of 
2011. They were carried out with the probes attached to a fixture on the underside of the fuselage of a 
NASA F-15B aircraft. Data from both the wind-tunnel and flight tests will be presented, and described 
later in this paper. 
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Nomenclature 


a angle of attack 

(3 angle of sideslip 

Y ratio of specific heat 

h distance from centerline of wing or body 

H total pressure 

/ length of wing or body 

M Mach number 

P pressure 

Ap difference between local and free-stream static pressure 

q dynamic pressure 

R unit Reynolds number 

0 V , 0 H flow angle in vertical and horizontal planes 

T temperature 

V velocity 

x longitudinal distance 

y lateral distance 

z vertical distance 


Subscripts 

c value on cone 

i inside the conical probe 

meas, measured indicates temperature measured by temperature sensor in conical probe or 

pressures by pressure gages 
s stagnation 

t or tot total or stagnation value 

oo, inf static value in free stream or that just ahead of probes in flight test 

1 static value inside cone 

2 total value inside cone 
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Background 


The use of probes to measure various free- stream flow quantities is as old as flight itself. Pitot tubes 
for the measurement of pressures that, in turn, yield flow velocity are the most common and well known. 
Diagnostic probes specifically tailored for supersonic measurements probably got started in the late 
1930s, when the capability to produce supersonic flows using blow-down tunnels originated. 
Reference 9, published in 1949, details a number of devices for measuring pressure, Mach number, and 
density. Included is the use of wedges, in different arrangements, to measure flow angle, pressure and 
Mach number. Figure 1 shows the arrangement of pressure taps on both sides of a wedge and equally 
spaced on the surface of a cone, which enables flow angle calculations using the appropriate equations. 





Wedge Cone 

Figure 1. Wedge and cone instruments for the measurement of the flow direction. 

Figure 2, from reference 10, shows a wedge probe used at the NASA Lewis Research Center 
(now John Glenn Research Center). It has two total-pressure measurements, behind the 
leading-edge shock and two static-pressure taps. The wedge angle is 20° and it is 6 inches in width. With 
its size, it evidently was used for free-stream measurements rather than detailed diagnostics. Also due to 
the wedge angle of 20°, it must have been limited to Mach numbers above 1 .84. 
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Top view Side view 


Figure 2. Details of large wedge probe design (from ref. 10). 

Reference 11 by Gorlin and Slezinger is a compilation of information concerning wind tunnels 
and their instrumentation. It discusses wedge, conical, and pyramid probes, but most are single-purpose 
devices that measure Mach number (see fig. 3a) or flow direction or density, etc. It is a valuable resource 
because of its scope (592 pages) and other relevant papers that it references, such as reference 12. 





i 


a. Wedge-shaped obstacle for measuring Mach number. b. Wedge probe showing relationship of corner and 

leading-edge shocks to pressure sensors 
(from ref. 1). 

Figure 3. Small wedge probe designs. 

The wedge probe described in the Introduction (see ref. 1) and shown in figure 3b, is much 
smaller, 0.6 inches in width, and all of the three pressure measurements are made within 
0.3 inches of the leading edge, enabling very high resolution. The mathematics used to determine the 
free-stream flow quantities are exact, based on the Euler equations (see Appendix A). 
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Conical probes with a half- apex angle of 15° have been used by NASA researchers in several 
flow-diagnostic research projects and documented in references 13 and 14. The geometry of the probe 
used in reference 13 is shown in figure 4. With a diameter of 0.1875 inches, the pressure orifices on 
the cone forebody are all within 0.2 inches of each other and the resolution is outstanding. The 
equations used to determine Mach number and flow angle from the measured pressures on the forebody 
(15° cone) are given in the paper and repeated in Appendix B. They were also used in the present 
investigation. 


•o 



d 

Figure 4. Details of conical probe, all dimensions are in inches (from ref. 13). 

The cone geometry of the probe used in reference 14 is shown in figure 5 with its diameter of 
0.189 inches (0.48 cm). Thus, it was essentially the same size as that of reference 13 and had the 
same resolution. 



Figure 5. Sketch of conical probe. All dimensions are in centimeters unless otherwise noted (from ref. 14). 

In addition to the wedge and conical probes, a 2° semi-apex angle cone was also used in the present 
investigation. It has been the “probe of choice” for wind-tunnel pressure measurements since the early 
1960s. Due to the location of the static pressure ports and the length of the probe (see fig. 6a) there are 
some intrinsic error sources. 
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Side 



a. Geometry of conical pressure probe with 2° half-angle. Pressure orifices on top and bottom. 


Tunnel sidewall 



Tunnel sting support 

(lateral and longitudinal positioning) 

b. Sketch showing sidewall-mounted model and rake with pressure probes. 

Figure 6. Small angle cone for free-stream pressure measurement. 

One possible error source is the assumption that the measured pressure on the cone is the same as the 
free-stream static pressure. Plots of (P c - P^) / ( q qq) in reference 7, e.g., indicate a value of 0.008 for 

this parameter at a Mach number of 2.0 for a 2° semi-vertex-angle cone. With 

Y 9 

R OO ^ M 00 Poo 


( p c - p rn) I (<7oo) becomes 


Pc ~Pqo 

2r p oo 


0.008 


or 


P c= (1 + 0.0224) Poo = 1.0224 R „ 

So, there is an error of -2 percent at this Mach number just due to the fact that the pressures are 
measured at the surface of a 2 ° cone. 
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If one assumes a total pressure of 940 psf and a nominal static pressure of 120 psf in the equation for 
this parameter at a Mach number in terms of the ratio of total to static pressure, given below: 


Moo = 



Then one can determine the error in Mach number corresponding to the error in static pressure. For the 
same Mach number and the 2.24 percent error in P measurement it is 0.6 percent. Use of the plot in 
reference 7 for the Mach number on cones versus cone angle indicates, for a free-stream Mach number of 
2.0, the Mach number on the cone is 1.98. For lower total pressures the errors will be higher. It should be 
noted that this probe is not nominally used for Mach number measurements. Also, for conical probes with 
a 1° semi-apex angle, such as that used in references 15 and 16, and probably in reference 17 as well, the 
errors would be roughly one -half of those calculated above for a 2° semi-apex angle cone. 

In most of the tests using the 2° semi-apex angle cone probe, a second 2° cone probe was used, as 
seen in figure 6b, to measure the static pressure in the free stream (see refs. 18 through 21). 
This measurement was then subtracted from that of the probe in the disturbed flow field to yield a more 
accurate measurement of the incremental pressure provided by the test model. It should be noted, 
however, that this increment is also processed by the shock system of the 2° cone. 

Another error occurs when flow-field shocks intersect the cone in the vicinity of the pressure taps. If 
the probe has four taps and they are aligned vertically, and the probe is below the model, the bottom tap 
will see the shock before those on the side or top. To reduce this error, some experimenters have aligned 
the pressure taps with the expected incoming shock (see refs. 20 and 22). 

In 1977 and 1959, papers by Carlson and Mack (refs. 20 and 23) and in 1979 Mack and Darden (ref. 
21) reported using a 2° semi-angle cone probe with pressure taps on the top and bottom as in figure 6. 
However, it was oriented with the line through the two pressure taps normal to the plane of the model 
and the probe, i.e. the holes are in the horizontal plane versus the vertical. Thus, the two pressure taps 
sensed the incoming shocks at the same time. This was an important characteristic, particularly for 
small models, in the selection of the 1° and 2° semi-angle cones in the early days of sonic boom 
experimentation. 

There is also a very thin boundary layer on the cone which, when it interacts with the shock, 
allows the pressure orifices to feel the shock pressure rise before it actually reaches the orifice as well as 
after the shock has gone beyond the orifice. Figure 7, from reference 22, shows the shock- smearing 
produced by the probe for a 60° delta wing. This wing had a 0.5-inch chord and was at 10° angle of 
attack. Clearly, the larger the length of the model relative to the length of the probe the less effect the 
smearing will have. Note that there is even more smearing on the boundary layer by-pass plate 
measurement which is all due to shock boundary-layer interaction. See reference 10 for additional 
discussion of the shock smearing phenomena. It should be noted that prior to 1960 the boundary-layer 
bypass plate was the preferred instrument for measuring flow-field pressure (see ref. 23). 




Figure 7. Comparison of pressure measurements made with a reflection plate and with a probe (from ref. 22). 60° delta wing; 
a = 10°; h/l = 16; M = 2.01. 


Description of New Wedge and Conical Probes 

The wedge probe used in the current measurements is twice as wide as that of reference 1 
(see fig. 8) in order to allow measurements down to a Mach number of 1.35. With this width it keeps 
the shock from the corners of the wedge from passing in front of the static ports on the surface in the 
middle of the wedge. The probe of reference 1 was configured for Mach numbers of 1.6 and above. The 
distance between the total pressure tube on the bottom side of the wedge and the total pressure tube on 
the top side, i.e., 0.25 inches (see fig. 8), is the distance that an incoming shock from a wind-tunnel 
model or another airplane would be resolved. This distance could be reduced some by moving the top- 
side total pressure tube forward, e.g., to where it is aligned with, or ahead of, the static pressure ports. 
Obviously, it cannot be moved so far forward that the shock off its front end impacts the wedge surface 
ahead of the static pressure ports. Other arrangements of the static pressure ports and the top side total 
pressure tube are possible. For full-scale in-flight probing the incoming free-stream flow, the distance 
between the static ports and total pressure tubes is of no consequence. 



Figure 8. Details of wedge probe design. 
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The pressure measurements are made using cryogenic ultra-miniature pressure gages that are stated to 
be capable of temperature compensated measurements from -320 °F to 100 °F (-196 °C to 38 °C) with 
infinitesimal resolution. The operating range can extend up to +250 °F (121 °C). Three miniature 
pressure transducers were installed in the wedge probe; one to measure static pressure and two that 
measure total pressure (at different places). These are absolute pressure gages of 5 psia and 10 psia, 
respectively. They are purported to be linear up to two times rated pressure and the bursting pressure is 
three times rated pressure. The gages are located in the probe body just downstream of the wedge itself. 
Thus, there is a minimal time delay from the actual sensing of pressure at the orifices to the sensing by the 
miniature pressure transducers. This is a great advantage in recording a transient event such as the varying 
pressures measured by one supersonic aircraft penetrating the flow field of another or an airplane’s 
acceleration. 

The conical probe used in this investigation is shown in the schematic of figure 9 and is intended for 
flight measurements down to Mach numbers of 1.15. In addition to utilizing the same type of pressure 
gages used in the wedge probe, it includes a temperature sensor and one additional pressure sensor that is 
used to correct the temperature measured inside the probe to the free-stream stagnation temperature. 
Using this additional measurement free-stream density, temperature, speed of sound, and velocity may be 
determined as well as pressure, Mach number and flow angle (angle of attack and angle of sideslip). 
Measurements made using the conical probe are used in the equations of Appendix B to determine 
free-stream quantities. With the inclusion of the temperature sensor and the fact that the conical probe 
was to be used primarily for flight measurements, the diameter was set at 0.75 inches. Thus, in the wind- 
tunnel measurements, shock jumps and steep gradients are smeared more than those for the 0.1875-inch 
diameter conical probes described earlier. 

The conical probe tested in the 4-foot Unitary Plan Wind Tunnel had its total-pressure orifice in a cup 
just downstream of the conical part of the probe (see fig. 9). This was done to facilitate flow through the 
gage from the apex orifice. Obviously, to make the temperature measurement in a changing environment 
there must be flow through the gage. However, data for the response of the temperature sensor to a 
changing environment are available only for water. Thus, the amount of air flow through the gage to 
measure a changing external temperature was set by the need to maintain a low flow velocity in the 
vicinity of the total-pressure gage in the cup (see fig. 9). The desired velocity was 15 to 20 ft/sec, which is 
about 3 or 4 times the required rate in water. It was thought, based on area and mass flow considerations, 
that a 0.06-inch diameter apex hole and four 0.125-inch vent holes at the back end would yield the desired 
velocity. 
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Figure 9. Details of conical probe design. 

The first test in the Unitary Plan Wind Tunnel (UPWT) did not shed much light on the flow rate 
through the conical probe since the back end was not fully sealed and the flow through the inside of the 
cone was clearly much larger than expected. Subsequently, in the second test, additional leaks were 
found and eventually sealed to lend added concern about the “flow-through” problem. 

The flow velocity in the channel containing the temperature probe (see fig. 9) is measured using 
a pressure gage (and orifice) just ahead of the temperature probe, and the total pressure, as noted, in the 
cup. The latter orifice was located beneath a cruciform divider that inhibits any induced flow (see fig. 9). 

In the second, and definitive, wind-tunnel test series it became clear that total pressure in the cup did 
not give an accurate measurement based on the total pressure measurements made by the wedge 
probe. In many cases the total pressure measured in the cup was smaller than the static pressure 
measured in the channel. It was also clear that one reason for this problem was the inability to 
achieve a flow velocity inside the gage as low as 15 ft/sec by varying the vent-hole sizes in the back end. 
Velocities of this magnitude, or lower, enable the stagnation and the channel pressure to be within 0.1 
percent or less of each other, as can be seen in figure 10, and the measured stagnation pressure will be 
trivially different from the exact stagnation value. Figure 10 shows the variation of the channel velocity 
with the ratio of the total pressure (H t ) to channel pressure (Pj) for an altitude of 40,000 ft and a Mach 

number of 2.0 at standard atmospheric conditions. For a ratio of H t and Pj of 1.001 (or 0.1 percent) 
the velocity is 16 ft/sec. 
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Figure 10. Variation of velocity in the channel ahead of the temperature probe versus the ratio of total pressure behind the 
shock to the pressure measured in the channel at typical flight conditions. 

As a result of the wind-tunnel tests, it was decided to move the total pressure orifice to the apex of the 
cone. Thus, there is an annulus around the total pressure tube at the apex of the cone as seen in the sketch 
and photograph of figure 11. The apex hole is twice the diameter of the total pressure tube and an 
adjustable sleeve, with vent holes of various sizes, is at the back of the probe. Four 0.03125-inch vent 
holes were used. This vent-hole sizing was based on tests made during the wind-tunnel tests. With this 
arrangement the total-pressure measurement will be accurate and the temperature sensor, with the higher 
flow-through velocity, will be able to respond more quickly to changes in free-stream temperature than 
the original design. The need to have a low flow velocity, in order to make an accurate total pressure 
measurement in the cup, is no longer required. 




(a) Sketch of cross section of cone. 


(b) Photograph of apex of cone. 


Figure 11. Sketch and photograph showing total-pressure tube at apex of cone and annulus around it. 


It should be noted that due to the problems with the total pressure measured in the cup, the 
stagnation pressure measured by the wedge probe was used (since it was located nearby) for the wind- 
tunnel data reduction for the conical probe. 

With the movement of the total-pressure sensor to the apex of the cone, as seen in figure 11, the 
conical probe used in the flight tests has the appearance shown in figure 12. The modified nose cone, as 
well as the other components, are labeled in this figure. The sleeve used to change vent-hole size is item 
13 in this figure. 
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1. Nose cone 

2. Mid-body 

3. Aft-body 

4. Fiberglass cone 


5. Temperature sensor 

6. Pressure cup 

7. Adhesive 

8. Fiberglass plug 


9. Socket set screw 13. Adjustable sleeve 

10. Pressure transducer 14. Adjustable lockout 

11. Vent holes 15. End cap 

16. Connector threaded circular 


Figure 12. Details of conical probe design. 


Test Facility 

The test results detailed in the next section were carried out in the Langley Unitary Plan Wind 
Tunnel (ref. 24). It is a closed-circuit pressure tunnel with two 4x4x7 feet (1.22 x 1.22 x 2.13 m) test 
sections. An exterior view of the facility is shown in figure 13, a schematic drawing of the arrangement 
of the major elements is shown in figure 14, and a detailed planform of the wind-tunnel circuit 
arrangement is shown in figure 15. The major elements of the facility are the 100,000 hp (74.6 MW) 
drive system, a dry air supply and evacuating system, a cooling system, and the interconnecting ducting 
to produce the proper airflow through either of the two test sections. 


13 




Figure 13. Photograph of the Langley Unitary Plan Wind Tunnel (from ref. 24). 



Figure 14. Schematic drawing of the Langley Unitary Plan Wind Tunnel (from ref. 24). 
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^Compressor I circuit(Table i(b)) 



Figure 15. Low Mach number circuit (from ref. 24). 


The low Mach number circuit shown in figures 14 and 15 (Test Section 1) was used for the present 
tests. These tests were conducted at nominal Mach numbers of 1.6, 1.8, and 2.0. Most tests were run at 
free-stream stagnation pressures of approximately 40 to 45 percent of an atmosphere. 

Shock Generator 

In order to determine the ability of the probes to measure transient, non-uniform flows, a side wall 
disturbance bump was installed. This disturbance bump has the geometry shown in figure 16 and 
produces a shock across the test section of -0.32 psia at Mach number of 2.0. It has a circular arc surface 
geometry, a chord of 5 inches and a maximum thickness of 0.5 inches. Before the second wind-tunnel 
entry a “secondary shock” bump was added in hopes of a generating a shock of about one-tenth that of the 
main shock. Its geometry is shown by the shaded area in figure 16. However, the boundary layer on the 
test section wall is about 4 inches thick and the disturbance caused by the secondary bump was smeared 
out. However, a small increase in pressure was detected by the wedge probe, as seen in a later figure. 
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Flow Direction 


Secondary shock jump 



Figure 16. Sketch of wind-tunnel wall disturbance bump design. 


Probe Holder 

A probe holder was designed that held the three probes such that the shocks off the apex of each 
probe did not interfere with an adjacent probe. A photograph of the probe holder with the probes 
installed is shown in figure 17. A view of the holder in the vertical position, along with the disturbance 
bump on the sidewall, is presented in figure 18. 



Figure 17. Photograph of three-probe sting arrangement in UPWT. 
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Figure 18. Photograph of probe alignment for wall disturbance bump shocks in UPWT. 

The chord of the probe holder was limited by the fact that vent holes on the back end of the conical 
probe could not be blocked. The apex of the various probes are not lined up so that each probe senses the 
bow-shock off the shock generator (wall disturbance bump) at a different time as the probes were moved 
longitudinally through its flow field. 


Wind-Tunnel Flow Quality 

The wind-tunnel measurement system for a sting-mounted model includes the geometric angle 
of attack, static and total pressures, and Mach number. As with any supersonic wind tunnel, there are 
non-uniformities in all these quantities with the smallest, hopefully, in the region where models are 
mounted. These gradients are of particular concern in the present tests because the three probes are 
located about 5.25 inches apart. As such, measurements of flow angle, Mach number, and pressure can 
be different due to their different locations. There are lateral, vertical, and longitudinal gradients of flow 
angle and Mach number so that when the static measurements of these quantities are made, with the 
probes aligned in the lateral direction, they can measure differently due to the lateral gradients. When 
they are aligned vertically, as they are for the longitudinal transverse, they are subject to vertical and 
longitudinal non-uniformities. 

The rest of this section discusses the details of the flow-field non-uniformities and how they 
might affect the measurements of the probes. 

Reference 24 by Jackson, et al., contains plots of the aforementioned non-uniformities for both test 
sections one and two. The former is of concern here. Figure 19 shows the longitudinal and lateral 
variations of Mach number for nominal Mach numbers of 1.769 and 2.16. In the case of the former, data 
are given for four Reynolds numbers and two vertical heights, and the latter data are presented for two 
vertical heights and three longitudinal locations. The present tests were conducted at a Reynolds number 
of ~ 1.5 x 10 6 per foot and the 48-inch longitudinal location (square symbols) is the closest to where the 
probes were located during the static tests. 
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Unit Reynolds number, R 


(a) M = 1.769 

Figure 19. Mach number distributions in the Unitary Plan Wind Tunnel for two nominal Mach numbers (from ref. 24). 

At a nominal Mach number of 1.769 (see fig. 19a) and z = 3.6 inches, the longitudinal distribution of 
measured Mach numbers from an x of ~ 30 inches to 60 inches yields a gradient of - 0.00055 per inch. 
At a z of -3.6 inches, the uniformity is better with the Mach number at an x = 48 inches equal to 1.766 to 
1.769 depending on Reynolds number. Laterally, the variations in Mach number from the nominal at 
x = 48 inches are roughly +0.004 and -0.006 from the y = 0 values. However, the Mach number level at a 
z of 3.60 inches is about 0.01 below the nominal. 

For a Mach number of 2.16 (see fig. 19b) there are larger variations in Mach number than at a Mach 
number of 1.769. Note that at a Reynolds number of 1.5 x 10 6 the longitudinal data of interest are 
halfway between the square and triangle symbols. Longitudinal distributions of Mach number at 
z = 3.6 inches show good agreement of the measured Mach number with the nominal up to an 
x of ~ 48 inches. Beyond this point, the measured Mach numbers fall below the nominal Mach number 
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of 2.16. At a z of -3.6 inches the trend is opposite and at the 30 and 48 inches points the measured values 
are quite a bit higher than the nominal. 

The lateral variations for a Mach number of 2.16 in figure 19b show similar effects at the two vertical 
heights, i.e., for a z of 3.6 inches the agreement is pretty good for x values of 0 and 48, but not beyond, 
and at a z of -3.6 inches the measured values at x = 48 inches and 72 inches are generally higher than the 
nominal. 



Longitudinal distance. x 



Longitudinal distance. x 



-40 0 40 cm 

Lateral distance. y 



(b)M = 2.160 
Figure 19. Concluded. 


Variations of flow angle with lateral and longitudinal distances are given for three Mach numbers, 
1.57, 1.77, and 1.97, in figure 20. Of primary interest here are the lateral variations of 0 V (flow angle in 
vertical planes). Data are given at two vertical heights and at three longitudinal locations. At a Mach 
number of 1.57 and an x of 50 inches, and a z of +3.6 inches (see fig. 20a) there appears to be a 
gradient between plus and minus 7 inches of about 0.008°/inch or as much as 0.08° for the 10 inches 
separating the conical and wedge probes. At z = -3.6 inches at this same station, there is a larger 
gradient of 0.021°/inch or 0.21° for the 10 inches separating the wedge and conical probes. On average, 
then, one would expect a 0.15° difference between the two probes (assuming the probes are located at 


19 


x = 50 inches) with the higher value at the conical probe. Almost the opposite is seen at a Mach number 
of 1.77 at the x = 50 inches station (see fig. 20b). 



Longitudinal distance, x 



z = -3. 60i n . (-9. 14cm) 



-20 0 20 in. 

I i l 

-40 0 40 cm 

Lateral distance, y 



(a) M = 1.57; R = 1.62 x 10 6 per ft (5.31 x 10 6 per m). 


Figure 20. Flow-angle calibration for test section 1 (from ref. 24). 
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(b) M = 1.77; R = 1.51 x 10 6 per ft (4.95 x 10 6 per m). 

Figure 20. Continued. 

The 0 V plots for a Mach number of 1.97 (see fig. 20c) show the gradients spanwise are small for all 
three x locations, and at x = 50 inches the 0 V is around 0.5°. Thus, you would expect both probes to read 
about the same, i.e., 0.5° displaced from the wind-tunnel value. 
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Lateral distance. y Lateral distance. y 



(c) M = 1.97; R= 1.63 x 10 6 per ft (5.35 x 10 6 per m). 
Figure 20. Concluded. 


Flight Tests 

Flight tests of the probes were made at NASA’s Dryden Flight Research Center during the months of 
March and April 2011. The probes were installed on the bottom side of the Centerline Instrumented 
Pylon, or CLIP, attachment (see fig. 21) installed on NASA’s F-15B testbed airplane. The probes were 
mounted on the CLIP to prove the structural integrity of the probes and to check out the 
measurement system and the data reduction programs. Figures 21a and 21b, taken from the air, show 
the entire airplane and a close-up of the CLIP installation, respectively. Figure 21c gives a better idea of 
the location of the probes relative to the leading edge of the CLIP. The longitudinal location of the front 
ends of the probes are not the same, with the wedge probe being forward of the conical probe by - 1.0 
inch (see fig. 22). Note that in regards to the probe flight measurements free stream refers to the 
immediate upstream conditions with respect to the probes and not true aircraft free-stream values. 

At free-stream Mach numbers near 1.6, the shock off the leading edge of the CLIP is in close 
proximity to the sensor heads and with the wedge probe’s more forward location it will be closest to the 
shock. Consequently, as Mach number increases the shock off the sides of the CLIP will pass over the 


22 


wedge probe first. Conversely, as Mach number decreases the shock will pass back over the wedge probe 
after it has passed over the conical probe. Small changes in the location of the shock with respect to the 
sensors can result in changes larger than those seen in the free- stream quantities due to the flow gradients 
(longitudinal and laterally) behind the U-shaped shock. 



(a) Dry den F-15B with probes attached 
to CLIP. 


(b) Close-up of probes attached 
to CLIP mounted under F-15B. 


(c) Close-up of probe 
installation and CLIP looking 
downstream from under the 
aircraft. 


Figure 21. Various photographs showing probe installation on NASA F-15B aircraft. 



~ 1.0 inch 

t 

Figure 22. Sketch showing the difference in longitudinal location of wedge and conical probes. 

Results 

In this section, measurements of the wind-tunnel, steady-state, free-stream flow variables are 
presented, as well as the longitudinally varying pressures due to the flow field created by the wall shock 
generator. These quantities are determined from the measured pressures and the data reduction equations 
in Appendices A and B. 

Free-stream total and static pressure, free-stream Mach number and flow angle, are all determined by 
this process. In the case of the conical probe, a temperature measurement is also made inside the probe (see 
item 5 in fig. 12). With this measurement, free-stream velocity, temperature, density, and speed of sound 
may also be determined (noted earlier in section entitled “Description of New Wedge and Conical Probes”). 
Results of the flight tests, which were made with the sensors mounted on the CLIP, which, in turn, was 
mounted on the centerline of the lower surface of the F-15B, aircraft are also presented (see fig. 21). 
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The pressures are measured using cryogenic miniature pressure gages with ranges of 5 and 10 psi, 
depending on whether static or total pressures are being measured, respectively. They are claimed by the 
manufacturer to be temperature compensated from +100 °F down to -320 °F. The gages have a 
diameter of 0.066 inches and a length of 0.375 inches. The pressure gages with the 15° conical and 
wedge probes were calibrated at room temperature in a pressure chamber prior to and following the 
wind-tunnel tests. In addition, a series of pressure calibrations were performed in the wind tunnel during 
the no-flow pump-down phase, which ranged from atmospheric pressures to slightly below 3.0 psi, and the 
results correlated with the pressure-chamber calibration. 

In flight, where the static temperatures at 45 to 50 thousand feet may be as low as -75 °F and the 
stagnation temperature (at M=2.0) as high as +240 °F, accurate pressure measurements require the 
temperature compensation capabilities that the gages are claimed to possess. Figure 23 shows 
calibrations, carried out at DFRC, for two 5-psi gages over temperatures from -50 °F to +140 °F. The 
calibration for the 5-psi gage used for the upper pressure port (see fig. 23a) on the conical probe shows a 
difference of -3 percent between the 70 °F calibration and the -50 °F calibration at 5 psi pressure. The 
calibration of the gages used for the left side pressure port of the conical probe, shown in figure 23b, 
shows that the temperature is better compensated over the range where the calibration was made. The 
other gages used for the conical probe and the wedge probe show similar variations in temperature 
compensations. Later in this section, the effect the variances have on the determination of the free- 
stream flow variables of both the wind-tunnel and flight tests will be illustrated. In the case of the 
former, only wedge-probe data will be presented, since three of the pressure gages in the conical 
probe were replaced for the flight tests and no calibration data, at other than room temperatures, were 
available for the original pressure transducers used in the wind-tunnel tests. As a consequence of the lack 
of temperature compensation of the miniature pressure sensors, the original wind-tunnel data for the 
conical and wedge probes using room temperatures calibrations (-70 °F) are given in Appendix C. 



(a) Upper static-pressure gage on conical probe forebody, (b) Left-side static-pressure gage on conical probe forebody. 


Figure 23. Calibration of two conical probe gages at four temperatures from -50 °F to 140 °F. 

A. Wind-Tunnel Flow-Angle Measurements: 

Measurements were made at three nominal Mach numbers, 1.6, 1.8, and 2.0. The angle of attack was 
varied from -4° to +8°. Data for these three Mach numbers measured by the wedge probe are plotted 
in figure 24. Figure 24a, for a nominal Mach number of 1.6, shows that the differences with the wind- 
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tunnel data are not quite linear and that the 71 °F calibration data are generally below the wind-tunnel 
value while those for the 125 °F are above. It also shows that the difference in the 71 °F and 125 °F 
calibration causes about a one (1.0) degree difference in the calculated angle of attack. A similar result is 
seen in figure 24b for a Mach number of 1.8, but the variations are linear and the differences are smaller. 
At a Mach number of 2.0, both the 71 °F and 125 °F calibration data are above the wind-tunnel values 
with the 125 °F data being about a half-degree higher. Since the wind tunnel runs at temperatures near 125 °F, 
the data using the 125 °F calibration is the most accurate. The 71 °F calibration data for the wind-tunnel tests 
were obtained at a separate calibration facility near the wind tunnel facility. The 125° single-point 
calibration was obtained in the wind tunnel at a known temperature and pressure condition. 



— Wedge @ 71 Deg 
Calibration 

-^Wedge @ 125 Deg 
Calibration 


-4 -2 0 2 4 6 8 


Alpha, tunnel 


(b) Mach =: 1.8 



^-Wedge @ 71 Deg 
Calibration 

— Wedge @ 125 Deg 
Calibration 


Alpha, tunnel 



— Wedge @ 71 Deg 
Calibration 

— Wedge @ 125 Deg 
Calibration 


-4 -2 0 2 4 6 8 


Alpha, tunnel 


Figure 24. Comparison of wedge probe measured flow angle to wind-tunnel angle-of-attack setting for three Mach numbers. 


B. Wind-Tunnel Static-Pressure Measurements: 


The data of most interest are the pressure data, since it is this quantity that is used to judge boom 
levels and it is used also in boom propagation codes. Figure 25 shows the static-pressure data for three 
nominal Mach numbers for the wedge probe as well as the 2° cone. It is obvious that the 71 °F 
calibration data are slightly less than the wind-tunnel data, while the 125 °F data yield larger values by 8 
to 14 psf and are essentially the same as the 2° cone results. 
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Pressure Comparison 



Wedge @ 71 Deg 
Calibration 

Wedge @ 125 Deg 
Calibration 

2 Deg Cone 


Figure 25. Comparison of wedge probe measured pressure to wind-tunnel values for three Mach numbers. 


C. Wind-Tunnel Mach Number Measurements: 


Mach numbers determined by the wedge probe at zero angle of attack, using two different 
calibration temperatures, are plotted in figure 26 as a function of the wind-tunnel Mach number. The 
71 °F calibration values for the wedge probe are higher than determined by the wind-tunnel 
system, while those for the 125 °F calibration are lower. The difference is about 0.05 Mach. 


Mach Comparison 



-•-Wedge @ 71 Deg 
Calibration 

-•-Wedge @ 125 Deg 
Calibration 


Figure 26. Comparison of wedge probe measured Mach number to wind-tunnel setting. 
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A comparison of the Mach numbers determined by the wedge probe using the 
125 °F calibration with that determined by the 2° cone probe is given in figure 27. Clearly they are in 
close agreement. Note that the calculation of the Mach number for the 2° cone uses a total pressure 
measured upstream. Normally the 2° cone is not used to measure Mach number. 

Mach Comparison 


-•“2 Degree Cone 

♦Wedge @ 125 Deg 
Calibration 


1.6 1.7 1.8 1.9 2 

M, tunnel 



Figure 27. Comparison of Mach numbers measured by wedge probe and 2° cone with wind-tunnel measured Mach number. 

D. Wind-Tunnel Longitudinally Varying Pressures due to Shock Generator: 

Pressure and Mach number distributions experienced by moving the wedge probe longitudinally 
through the flow field created by the shock generator (wall disturbance bump) over a distance of about 
13 inches are discussed in this section. For this probe, the leading edge shock from the generator is 
encountered at an x of -3.0 inches (see fig. 28) and it has a strength of -0.32 psi relative to the 
free-stream pressure level. Note that the dip in pressure just ahead of the shock is due to the fact that all 
of the pressure orifices are not exposed to the shock at the same time and the equations produce an 
unrealistic result. In flight, where the sonic boom signatures are on the order of the length of the 
generating airplane, this is not a problem. The longitudinal distance between the free-stream total 
pressure tube on the bottom surface of the wedge and the total-pressure tube on the top surface is -0.29 
inches. Also, the shock off the leading edge of the disturbance bump is smeared by the wind-tunnel 
wall boundary-layer flow. Once all the pressure orifices experience the shock, it appears to have been 
resolved in 0.3 inches of travel. The bow shock is followed by a gradual pressure recovery. There is a 
slight increase in pressures starting around x = 5.5 inches which is due to the secondary shock generator 
(see Fig. 16). 
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Figure 28. Response of wedge probe to disturbance-bump shock. 


Figure 29 shows the pressure distribution, due to the shock generator (wall disturbance bump), 
measured by the 2° cone compared to the wedge probe measurement. Its pressure orifices are located 
about a half-inch ahead of the leading edge of the wedge probe, and thus it senses the shock jump 
ahead of the wedge probe by this amount. The gradual shock recovery downstream of the shock 
measured by the 2° cone has a lower gradient than the wedge probe and the values are lower than the 
wedge probe values out to an x position of 11 inches. It is not clear if this is a result of the variable flow 
field, and the effect it can have on the 1.4 inches of the 2° cone ahead of the pressure orifices, or 
the use of the tunnel-system total pressure measurement in the 2° cone calculation. It appears that this 
is a different phenomenon from the smearing of the abrupt shock jump that is seen in this figure, as 
well as that shown in figure 7. 


Wedge v. 2 Deg. Cone Probe Transient Response 



— Wedge @ 125 deg 
Calibration 

—2 degree cone 


Figure 29. Response of wedge probe and 2° cone probe to disturbance bump shock. 
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E. Transient Measurements of Mach Number: 

The variation of Mach number with distance was determined by the wedge probe using both the 
71 °F and 125 °F calibrations of the pressure transducers. Figure 30 shows the variation with x of the 
Mach number for these two calibrations. There is an increase in Mach number ahead of the shock 
jump due to the fact that all three pressure sensors are not exposed to the shock at the same time, as 
noted earlier. Behind the shock the Mach number drops abruptly to 1.8. It is followed by a Mach 
recovery that lasts out to the end of the measurements. Note that there is an inflection beyond at x of 
5 that is thought to be due to the secondary shock generator. 


Mach Number Variation 



— Wedge @ 71 deg 
Calibration 

^Wedge @ 125 deg 
Calibration 


Figure 30. Effect of calibration temperature on the wedge probes’s Mach number variation with x. 

The magnitude of the Mach number measured using the 125 °F calibration is about 0.05 less than that 
calculated using the 71 °F calibration. Also, as noted earlier, the 125° calibration data are probably the 
most accurate, since the wind tunnel operates close to 125 °F. 


Mach Number Variation 



— Wedge @ 125 deg 
Calibration 

-—2 Degree Cone 


Figure 31. Comparison of wedge probe and 2° cone Mach number variation with x. 
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A comparison of the Mach number determined by the wedge probe using the 125 °F calibration to that 
of the 2° cone is shown in figure 3 1 . 

As with the pressure variations with the x position, the Mach gradients aft of the bow shocks are 
different, with the 2° cone’s Mach variation with x having a smaller slope. Also, the 2° cone does not 
appear to sense the bump at an x of 5.5 inches. It is interesting that the two sensors produce about the 
same Mach number at an x of 14 inches. 

F. Temperature Measurements in the Conical Probe: 

The purpose of the temperature sensor inside the conical probe is to determine the free- stream 
stagnation temperature. To do this requires a measurement of the pressure in the channel ahead of the 
temperature sensor and the total pressure behind the normal shock at the apex. 

These quantities are used in the equation 



to calculate the stagnation temperature in the conical probe which is equal to that in the free stream. 

Since the total pressure inside the cone was not measured accurately by the pressure sensor in the cup 
due to the fact that the flow velocity through the probe was too high (because of leakage), it was not 
possible to utilize the above equation as intended. Also, there was a problem of leaks through the 
joints and under the sleeve that is used to adjust the vent-hole size (see fig. 12). The temperature sensor 
used did not respond well to temperature changes and, in a changing wind-tunnel or flight environment, 
temperature was not accurately measured. 

With no flow, or a trivial amount of flow through the conical probe, the pressure gage in the channel 
indicated a pressure equal to the stagnation value and the temperature gage read -562 °R, which was 
exactly the free-stream stagnation temperature. So it clear that with a proper total-pressure measurement 
and flow velocity through the cone that the free-stream stagnation temperature could be determined as 
designed. 

G. F-15B Shock Systems and Data Presentation: 

The location of the conical and wedge probes attached to a fixture, referred to as the Center Line 
Instrumented Pylon (CLIP), under the fuselage of NASA’s F-15B aircraft, is shown in figure 21. A sketch 
of the profile of this aircraft with major shocks emanating from the various components expected to 
produce significant shocks, is shown in figure 32. As can be seen, depending on whether the CLIP 
shock is ahead of, or behind, the probes there will be at least three or four significant shocks ahead of 
the probes. Thus, there is no possibility that the probes there can measure anything representative of true 
aircraft free-stream quantities. There are, however, measurements of the free-stream quantities by the 
airplane flight-test noseboom and total temperature probe. Comparisons can be made to show the 
differences between these free-stream quantities and those measured by the probes. 
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Figure 32. Sketch of the F-15B aircraft showing the shocks off the various aircraft components ahead of the CLIP. 


Five test flights were made with different orientations of the wedge and conical probes on each 
flight. Table 1 below shows these orientations looking from in front of the probes along with the flight 
number designations for each of the five flights. 

Table 1: Flight Test Program 


Flight 

Date (2011) 

Probe Orientation 
Looking from Front* 

406 

March 25 

— i— 6 
l T 

407 

March 29 

T 6 

408 

March 30 

T ! 6 

409 

March 3 1 

9 T 

410 

April 1 

9 9 


— = wedge probe 
O = conical probe 
T = top of probe 


*T indicates orientation of probes. In flight 406, for example, the probes were mounted upside down and their top sides 
were on the bottom. 

The subsequent data presentation will utilize data from flights 406, 407, and 409. As can be seen 
from the table, in flight 407 the probes were inverted from the flight 406 orientation and in flight 409, the 
two probes switched locations from that of flight 406. 

Note that the general flow direction at the test location is downward, so the probes in the inverted 
position (top down) are in the preferred orientation with respect to the local flow. 

H. Sensitivity of Data to Calibration Temperature of Pressure Gages: 

As noted in the introduction to this “Results” section, some of the pressure sensors were not 
adequately compensated for temperature changes. Thus, the magnitude of the calculated flow variables 
will change depending on the temperature of the calibration used. To illustrate this fact, the calculated 
Mach number, static-pressure, and total-pressure variations with time for flight 406, for 70 °F and -50 °F 
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calibrations, and for both the conical and wedge probes are given in figures 33 and 34, respectively. Also 
shown in figures 33 and 34 are the airplane nose boom measurements of the free-stream quantities. 
Figure 33a shows the Mach number determined by the conical probe for both the 70 °F and -50 °F 
pressure sensor calibration. The figure shows that the Mach number for both calibrations is less than free 
stream, as expected. The -50 °F calibration yields higher values of Mach number than the 70 °F 
calibration. At a Mach number of — 1.85 the -50 °F result is -2.0 percent higher than the Mach 
number calculated using the 70 °F calibration. Note that there is a shock passage over the gage at a time 
of -135 seconds and another at -330 seconds. Both occur between Mach numbers of -1.4 and 1.6. 

Static-pressure measurements for the conical probe are plotted in figure 33b. Here, the 70 °F 
calibration is shown to yield higher values of static pressure for Mach numbers greater than 1.6 than for 
the -50 °F calibration by about 5 percent. Total-pressure variations with time (see fig. 33c) for the 70 °F 
and -50 °F calibration agree fairly well, with a difference between the two at the maximum value of 
-2.0 percent. 

The effects of calibration temperature on the calculated flow quantities for the wedge probe are 
shown, as noted, in figure 34. As with the conical probe, figure 34a shows that the -50 °F calibration 
yields the higher values of Mach number with values about 5.5 percent higher in the area of the 
maximum Mach number. Note that there appears to be a shock passage starting just beyond 
250 seconds and lasting to -310 seconds when, in fact, the top or short total- pressure gage was 
saturated beyond 10 psi (see fig. 34c). This was a result of calibrating the 10-psi gages to 10 psi, when 
actually they are capable of accurate measurement beyond this value. 



Time (seconds) 


Ps v. Time 



(a) Mach number. (b) Static pressure. 

Figure 33. Comparison of computed time variations of flow variables for the conical probe using pressure sensor calibrations for 
70 °F and -50 °F as well as aircraft (jet) measured quantities. 
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Total Pressure v Time 



(c) Total pressure 
Figure 33. Concluded. 

The static pressure variation with time for the two calibration temperatures, shown in figure 34b, 
show the -50 °F calibration to yield much lower values. The time variations are also different from the 
conical probe, apparently due to the more forward location of the wedge probe or flow asymmetry. Total 
pressures for the two calibrations, figure 34c, are only about 3 percent different at the maximum value. 



Time (seconds) 



Time (seconds) 


(a) Mach number. 


(b) Static pressure. 


Figure 34. Comparison of computed time variations of flow variables for the wedge probe using pressure sensors calibrations for 
70 °F and -50 °F. Flight 406. 
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Total Pressure v. Time 



(c) Total pressure. 

Figure 34. Concluded. 

To further illustrate the effect of the gage-calibration temperature, angle of attack, calculated 
using all four temperature calibrations, is plotted as a function of Mach number in figure 35. Figure 35a 
gives the data for acceleration phase of the flight and figure 35b for deceleration. Clearly the 
difference between the 140 °F calibration and the -50 °F calibration are large and vary ~3 degrees at 
Mach 1.8 up to 6 degrees at Mach 1.4 during acceleration. 

The acceleration and deceleration phase test points were performed at the same constant altitude. 
While the acceleration phase was performed in afterburning power, the deceleration phase was 
performed at military power (maximum non-afterburning) due to a lockout feature which does not allow 
less than military power (on these particular engines) at higher supersonic conditions (M > 1.4). There is 
no appreciable difference in inlet flow between military and afterburning power settings. This is 
important because the inlet flow, which has a significant effect on the test area flow, would be essentially 
the same for both phases. Based on this information the flow at the test area would be expected to be 
nearly the same for both the acceleration and deceleration phases. The significant difference between the 
two flight phases is the temperature at the sensors. Prior to the acceleration phase, the gages and 
surrounding structure had been cold-soaked to approximately -70 °F or colder for at least 10 minutes. 
During the acceleration, the gages and structure would have warmed significantly due to the 
aerodynamic heating, especially at the higher Mach numbers. During the deceleration phase the gages 
would be expected to be significantly warmer than during the acceleration phase. 
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(a) Alpha wedge comparison flight 406 acceleration. 



Minf 


(b) Alpha wedge comparison flight 406 deceleration. 


Figure 35. Wedge probe local alpha versus free-stream Mach number for a set of representative temperatures and for acceleration 
and deceleration portions of flight 406. 

If one uses an interpolation scheme with the four calibrations available, and the temperature 
measured by the temperature gage in the conical probe, then the possibility of reducing the error, or 
uncertainty, in the calculated flow variables would seemingly be enhanced. While the temperature gage is 
not located where the pressure sensors are, and there is some lag in the measurement of the changing 
environment, it should yield results better than using a single constant-temperature calibration. Figure 36 
shows the results of such an exercise for both the acceleration and deceleration phases of flight 406. The 
improvement is clear and lends credit to the possibility that if one has calibrations for a range of 
temperatures and an accurate temperature measurement where the transducers are located, then accurate 
data will be produced. Ideally, one would like to have fully temperature-compensated gages, and then no 
temperature measurement would be required. 
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Figure 36. Wedge probe local alpha versus free-stream Mach number by using an interpolate 2-dimensional calibration 
(pressure and temperature). Note: Cone Temp in figure refers to conical probe temperature. 


I. Comparison of Wedge and Conical Probe Data: 

It is evident from figures 33 and 34 that the wedge-probe results are more affected by temperature 
than the conical probe. Thus, when results from the two probes are compared, the differences in 
magnitude may not be accurate. However, differences in the variations with time are significant and are 
due to the approximately 1.0 inch more forward location, as well as the higher resolution of the wedge 
probe. Also note that there is some significant asymmetry in the local flow. In a subsequent figure, data 
from flight 407 using the -50 °F calibration data will illustrate some of these effects. 

Mach number data for flight 407 (see fig. 37a) shows the earlier time passage of the shocks off the 
CLIP edges over the wedge probe at -116 seconds versus that for the conical probe at 150 seconds. 
Passage of these shocks in the other direction occurs at 320 seconds and 350 seconds for the conical and 
wedge probes, respectively. There is also the pressure-gage saturation problem that starts around 
250 seconds and lasts until - 300 seconds (see figs. 37 a, c, d, and e). Presumedly the 10-psi gages in the 
conical probe were just below the saturation value. Recall that the static- and total-pressure data shown in 
figures 37 c and d are calculated values of the upstream flow. This is why the saturation of one total- 
pressure gage on the wedge probe causes a large anomalous change in static pressure (fig. 37c) when the 
static-pressure gage is not saturated. 
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(e) Angle of attack. 


Figure 37. Comparison of computed time-variation of flow variables for the wedge and conical probes using the -50 °F 
calibration of the pressure sensors for flight 407. 
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The conical probe measures sideslip, or |3, angle in addition to angle of attack; the wedge probe does 
not. The only angle being measured by the wedge probe is the local flow angle in the vertical plane 
by the wedge. Figure 37b, again for flight 407, shows this measurement as a function of time. 
Noteworthy in this figure is the large change or spikes in the (3 angle as the shock off the edge of the CLIP 
passes. 

Static pressure differences between the wedge and conical probe measurements are evident in 
figure 37c. In addition to the changes that occur during shock passage, the higher level of static pressures 
measured by the wedge probe versus those of the conical probe between the times of 250 and 
300 seconds are due to the saturation of the 10-psi top or short total pressure gage. With the exception of 
the changes due to shock passage and the aforementioned wedge probe total sensor saturation, the 
computed total pressure is essentially the same for the two probes (see fig. 37d) consistent with the 
physics of fluid flow where no energy has been added or subtracted. 

The angle of attack for the two probes is plotted in figure 37e. The differences mirror those of Mach 
number where the shock passage at times of 100 and 150 seconds produce spikes in the variation of angle 
of attack. 

J. Temperature Variations: 

Flight measurements of temperature inside the conical probe, labeled T measured in figure 38, are 

converted to stagnation temperature, T 2 , using the equation in Section F and the total pressure at the cone 
apex and the static pressure measurement in the channel of the temperature sensor (see fig. 38). Since the 
stagnation temperature inside the cone (T 2 ) is the same as in the free-stream stagnation temperature (T s ), 
it is possible to calculate free-stream static temperature (T inf ) using 



and the local Mach number determined earlier. Note that the term “free stream” above means the flow 
just ahead of the conical probe and not that ahead of the airplane. Also, it is important to recognize that as 
the flow is processed by the shocks ahead of the CLIP (see fig. 32), they cause an increase in static 
temperature. So the fact that Tinf is higher than that of the airplane, labeled Jet, is no surprise. It is not 
entirely clear why there is such an increment between the jet total temperature and that determined by the 
conical probe. The ratio of the total pressure to the static pressure inside the conical probe is greater than 
5 at the highest Mach tested number. The desired ratio (see fig. 10) was assumed to be approximately 
1.001. This large difference accounts for the high stagnation-temperature values inside the conical probe 
and consequently the high calculated static temperature. It appears that there is too little flow through the 
conical probe as configured for flight (total pressure outside with annulus for internal flow). With the 
accurate determination of the Mach number and temperature just ahead of the conical probe, the speed of 
sound, velocity, and density could also be calculated. The time derivative of the velocity will give 
acceleration. 
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seconds 


Figure 38. Variation of the temperature with time inside (T meas and T 2 ) and ahead of the conical probe (T inf ), as well as those in 
the air ahead of the F-15B (Air temperature) and behind the bow shock off the front of the F-15B aircraft. Flight 409. 

The thin horizontal line at the bottom of figure 38, labeled air temperature, was obtained from a 
weather balloon on the day of flight 409. It is near constant, since the time period of these measurements 
was on the order of five minutes and the altitude changed very little. 


Summary Remarks 


Conical and wedge probes designed to provide for near instantaneous measurements of free-stream 
flow variables have been tested in the wind tunnel and in flight. Wind-tunnel tests were carried out in the 
NASA Langley Research Center’s Unitary Plan Wind Tunnel and the flight tests on a fixture attached to 
the lower fuselage of a NASA Dryden Flight Research Center F-15B aircraft. These tests were termed 
functional, check-out, or structural-integrity tests. Free- stream measurements were made in the wind- 
tunnel tests successfully, while the flight tests, because of the location of the probes, only allowed the 
measurement of the local flow variables ahead of the probes. 

As expected, the wedge probe provided the most accurate data. The close proximity of its sensors 
made for the least smearing of the gradients of all the flow quantities. In both the wind-tunnel and flight 
tests the problem of leaks at the back of the conical probe and other flow issues (annulus in flight) 
caused the flow velocity over the temperature sensor inside the conical probe to be uncertain (appeared 
excessive during wind-tunnel tests and inadequate during flight tests). Nevertheless, the internal 
measurements effected by this flow were used to determine the total temperature inside the conical probe 
and, consequently, in the free stream. 


Wind-Tunnel Tests 

The conical-probe measurements were hampered by the total pressure not being accurately measured 
by the sensor located inside the probe itself. The use of the total pressure measured by the wedge probe 
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for the total pressure at the cone enabled the calculation of the flow quantities of interest using the static 
pressures on the cone. However, there are gradients of all the flow quantities in the test section, as noted 
in the paper, and with the wedge and conical probes separated laterally by 10 inches the accuracy of the 
conical probe calculations will incur a small error due to the use of the wedge probe’s total-pressure 
measurement. This error is also of particular concern when the total pressure (from the wedge probe) is 
used in combination with the static pressure in the channel containing the temperature sensor to correct 
the measurements made by the temperature sensor to yield the stagnation temperature. As noted in the 
section entitled “Description of New Wedge and Conical Probes,” the total-pressure measurement was 
moved from the cup inside the probe to the apex of the cone for the flight tests. 

The smearing of the transient variations of pressure and Mach number with longitudinal distance for 
the 15° conical probe and the 2° cone is greater than the wedge probe, as noted, but in the case of the 
former this phenomena is caused by the size (diameter) of the probe which enables the inclusion of 
the temperature sensor. In the flight environment where aircraft and their sonic boom signatures are 50 
or 100 feet in length or more, this is not a problem. For the 2° cone, which is only used in wind- 
tunnel measurements, the smearing is less for large models than for small. There is a built-in error, 
however, due to the pressure orifices being on the surface of a 2° cone and its shock flow field as well as 
the boundary layer on its surface. 

Overall there is not enough data to make a consistent story between the flow-angle measurements 
of reference 24 (wind-tunnel calibration data) and the flow-angle measurements of the probes. 


Flight Tests 

The flight tests were carried out successfully with five flights being conducted. Anomalies between 
the data taken during acceleration and data taken during deceleration of the same flight highlighted the 
effects that temperature had on the calculated quantities. Further analysis showed that using the room- 
temperature calibrations for the miniature pressure transducers were the problem, since adequate 
compensations for the lower temperatures were not being done. Subsequent calibrations of the nine 
pressure sensors for temperatures of -50 °F, 0 °F, 70 °F and 140 °F showed that some gages were fairly 
well compensated and others were not. Use of these calibrations showed that significant differences 
occurred between the calculated flow variables at 70 °F and -50 °F. Figures included in the paper show 
these differences and point out the need for an accurate temperature measurement where the miniature 
pressure sensors are located, along with calibrations for a range of temperatures, or, ideally, sensors that 
are truly temperature compensated. A third possibility is to house the sensors in a temperature-controlled 
enclosure. 


Future Tests 

The conical and wedge probes were intended to be located in front of the aircraft fuselage so that 
actual free- stream flow variables can be measured. Improvements to the conical probe, including the use 
of a faster responding temperature gage and appropriate sizing of inlet and exit area to control the 
flow through the probe, would result in better measurement of temperature and response to 
temperature change. With these improvements it appears that the conical probe would be capable of 
providing for more accurate measurement of total temperature and the free-stream quantities that depend 
on this measurement. Also, more accurate calibrations and temperature compensation of the pressure 
transducers, along with an understanding of the effect of the local environment on the calibrations will 
lead to more accurate pressure measurements. 
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Appendix A 


Data Reduction Equations and Solution Procedure Required to Derive the 
Free-stream Variables for the Wedge Probe 


Moo, Poo, and a are flow quantities that the probe is required to determine. 

Pi, P 0>t , and P 2> t are measured (see sketch). 

Mi is calculated from Pi and P 2 , t . 

With P and M known, Moo, 0, Poo, and a can be calculated using the iterative procedure 
described below. 

Procedure: 

1. Measure Pi, P 0 ,t, and P 2 ,t 

2. Calculate Mi from 


See the discussion at the end of this Appendix for the iterative procedure for calculating Mi. 

3. With Mi and Pi known, calculate Pi, t from 



Figure Al. Wedge probe details and flow variables. 
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4. Using oblique shock reactions, one can write 


Pxx_ = [ (6£+l) (Ml + 5) 12 
Pi [ 5<f(<f + 6) 


or solving for 


with <f = — 

^ Poo 


M, 


2 _ 


5fCf +6) /P 1>t y 

+ 1 UJ 


5. Make an initial guess for using the curve fits for solutions to oblique shock relations found in 
reference 3 for the selected semi-wedge angle of 8°, <f = 1.41625 — 0.04Moo^ + 0.055 where 

Moo f/ = 72 - 75161.538 - 153.846M! 


6. With the first guess for (=£i) calculate M^ fl from 


M 


2 _ 

oo,l 


5fn(^n + 6) /P U V _ 
6t; n + l \pj 


7. Then calculate 


M 5f w / 35M^ n -5 \ 2 ' 5 

A,J n 6 M^A 36M^ n j 


( 1 ) 


( 2 ) 


If 



> 0.000001 


from experiment 


then calculate the next guess of from 


‘fn+l — n "f 



2 



E 
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and substitute it in from equation (1) for the new IVU.n, which in turn is substituted into equation (2) above 
and the check is repeated. 


8. If 



> 0.000001 record M OT , n then compute 


Poo = 


u 


(3) 


and 


Poo.t = Poo(l + 0.2 Ml, n y/ 2 


(4) 


Compute 0 from 


0 = sin 1 


| 6<fn + 1 

7 M*'„ 


(5) 


and 8 - a from 


8 — a = sin 


l 6 (n + 1 

7 M*'„ 


— sin 


Kn + 6 

|7Mfo 


( 6 ) 


and a from 


a = 8 - (8 - a) 


(7) 


with 8 = 0.1396 radians and (8 - a) from equation (6). 

THE CALCULATION FOR M! FOLLOWS: 

Formula for first guess of Mi (= From normal shock relations 

Pu = ( 6 \ s/2 /6MJ\ 7/2 

Pi CM, 2 - lj 1 5 j 


with 


7 » 1 


7M 2 - 1 - 7M X 2 
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then 


P 1 V35 / 5 1 


and 


M 


2 ^ 5 / 36 \ s/2 ^ 
1 ~ 6 \35/ P x 


The first guess for Mi, i.e., Mi,i, is 


M 14 = 0.8813 (^) 


D x 1 / 2 

’ L ) 

measured 


Substitute the first guess for Mi = Mi,i into 

P 2X 166.926 Ml n 


Pl (jM^n ~ 1 ) 


5/2 


(la) 


Check to see if 


{¥) -{¥) 

v 1 / measured v 1 


> or < 0.0001 


measured 


If 


(fy) 

(^) 

\ p ) 

' 1 ' measured 

V p i ) n 


( ?2 ,t \ 

i p ) 

' 1 ' measured 


< 0.0001 


put Mi, n = Mi and proceed with the calculation of 
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P_ix_ = + 5 J 


which is step 3 in the data reduction procedure. 
If 


-m 

v 1 J measured v 1 / n 


m 


measured 


> 0.0001 


substitute i 

v P 1 ''measured 


from Mi, n into 


^i,n+i ~ M l n 


1 + 




Ip ) 

' 1 ' measured 

\pJ 




measured 


to get Mi, n +i which, in turn, is substituted into equation (la) and the process is repeated. 

Symbols 

Mi Mach number behind shock from wedge leading edge 

Moo Mach number ahead of probe 

Poo static pressure just ahead of probe 

Pi static pressure behind shock from wedge leading edge 

P 0 ,i total pressure behind normal shock wave in flow ahead of wedge 

P 2 , t total pressure behind normal shock wave in flow behind wedge leading edge shock 

a angle of attack of model or angle of flow to wedge probe 

8 wedge semi-angle 

0 angle that shock from wedge leading edge makes with wedge 

£ = Pi /Poo 

Subscripts 

E quantity from experiment 

f first iteration 

n number of iterations 

t total or stagnation 


47 



Appendix B 


Procedure for Calculating the Free-Stream Variables from the 
Measured Quantities for the Conical Probe 

The measured quantities are Hj, P c i 0 , P c u , P c /, P c r , T meas and Pj. The basic equation for Mach 
number and flow-angle equations are: 



Calculation procedure: 

With the measured quantities Ht and P c ,av, see equation (5), and with i n set equal to zero, i.e., 
in = ii = 0, calculate 

M 00,71 Moo,! 

from equation (1). 
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Then with fl and measured pressure calculate a n + 1 = ot 2 and (3 n + 1 = P 2 and 


in+l = if = a 2 + 02 


from equations (3), (4), and (2). 

Then increase index n to 2, i.e., n = 2, in equation (1) and calculate using i 2 . 

With M 00,2 and Moo,! ? check to see n — M 0 2 — M^^ < 0.002 

If not, continue calculation with Moo 2 to obtain as, P 3 , and i 3 from equations (2), (3), and (4), and with 
an index in equation (1) increased to 3 (i.e. n = 3) and calculate 3 . Then check 

Moo,n — Mqo , n -i ~ Moo , 3 — Moo , 2 < 0 . 002 , and so on until the test is satisfied. 

Once Moo is determined, calculate 


too 


Hr 


8 u 

1 

5/2 

' 6 Ml ' 

6 j 


Ml + 5 


-7/2 


( 6 ) 


and with P t from equation ( 6 ) calculate 


Poo = Pt , oo (1 + 0.2 Mir 2 


Also with measured T me as, Ht, and Pi calculate 


Tn = 7, 


( H t\ 

VP; 


2 — 1 meas 


2/7 


With 


^00 — ^2 


and P t ,oo from equation ( 6 ) the total free-stream density can be determined by 

Pt,oo 


Pt, OO — 




t,oo 


The free-stream temperature is determined by 

Pco = Tt, oo (1 + 0.2 Mir 1 

using T t ,oo from equation (9). 

And with Too the free-stream static speed of sound can be determined by 


(7) 


( 8 ) 


(9) 


( 10 ) 


( 11 ) 
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( 12 ) 


Cloo — yj lART m 

With this quantity and the converged value for Moo, free-stream velocity is obtained. 


Foo — M oo OC 


00 


(13) 


Finally, if acceleration is of interest, it can be determined using the time- varying velocity from 
equation (13). 


Acceleration = 


A Koo(C) 
At 


The rate of change of Mach number with time can be calculated in a similar fashion using the Mach 
number calculated by equation (1). 

Symbols 

Moo free-stream Mach number 

H t measured total pressure behind shock at apex cone 

P c 9 av average static pressure 

P c ,io static pressure at lower port 

P c?u static pressure at upper port 

P c / static pressure at left-hand port 

P c r static pressure at right-hand port 

a angle of attack 

(3 angle of sideslip 

i total flow incidence angle 

P t ,oo free-stream total pressure 

Poo free-stream static pressure 

Pi pressure in channel ahead of temperature probe 

R gas constant 

T 2 total temperature inside cone 

T meas temperature measured inside cone 

T t?00 total free-stream temperature 

Too static free-stream temperature 

p t ,oo total free-stream density 

aoo free-stream speed of sound 

Voo free-stream velocity 

Subscripts 

n index 

1 first iteration 

oo free stream 
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Appendix C 


Results and Discussion of Non-Temperature-Corrected Wind-Tunnel Data 

It was noted in the text that the calibration of the miniature pressure sensors for the wind-tunnel tests 
was only carried out at room temperature, since it was assumed that the gages were all properly 
temperature compensated. As also noted in the text, this was not the case. Since the gages in the flight 
tests used for the wedge probe were the same as those in the wind tunnel, the calibrations of these gages 
performed at the Dry den Flight Research Center over a range of temperatures from -50 °F to 140 °F 
were valid for the wind-tunnel data reductions. Thus, the wind-tunnel data could be re-calculated for the 
appropriate temperature and are presented in the main body of the report. In this Appendix, the 
wind-tunnel data, calculated using room temperature calibrations, are presented. It is thought that the 
relative magnitude of the calculated data using room-temperature calibration is qualitatively relevant and 
of interest. 


Wind-Tunnel Flow Angle Measurements 

Measurements by the wedge and conical probes were made at three nominal Mach numbers, 1.6, 1.8, 
and 2.0, and the angles of attack were varied from -4° to +8° angle of attack. Data for these three Mach 
numbers are plotted in figure Cl. Figure Cl a, for a nominal Mach number of 1.6, shows that the 
measurements of both probes are almost linear with angle of attack. The wedge probe measurements 
agree quite well with the wind-tunnel measurements but the conical probe values are higher by -0.5° 



Figure Cl. Comparison of probe measured flow angle to wind-tunnel angle-of-attack setting for three Mach numbers. 
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For a nominal Mach number of 1.8 (fig. Clb) the wedge probe and the wind-tunnel angle-of-attack data 
agree but the conical probe measured angle of attack is consistently about 0.8° higher. Both sets of data 
are linear with angle of attack. 



Alpha, tunnel 


Figure Cl. Continued. 

For the nominal Mach 2.0 plot, figure Clc, neither set of data agrees with the wind-tunnel 
angle-of-attack measurement, although the wedge probe data are close. However, wind-tunnel flow- 
quality data at a Mach number of 2.0 indicate that there is clearly a flow angle at both the wedge and 
conical probes of - 0.5°, which then moves both the wedge and conical probe data further from the wind- 
tunnel data. Also, it appears that the conical probe is misaligned about 0.8° with the wedge probe, thus, if 
the cone data are translated down - 0.8° in figures Cl, then the flow-angle data would make more sense. 
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Figure Cl. Concluded. 


8 


Wind-Tunnel Static-Pressure Measurements 



Since the pressure data are the quantities used in boom propagation codes, they are of particular 
interest. Figure C2 shows the static pressure data for the three nominal Mach numbers for the wedge and 
conical probes as well as the 2° cone. 


Static Pressure Comparison 



Figure C2. Comparison of probe-measured pressure to wind-tunnel values for three Mach numbers. 
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The data for the conical probe are about 5 psf higher than the wedge probe, which is not bad 
considering that they are located 10 inches apart in a non-uniform free stream. Data for the 2° cone are 
about 3 to 3.5 percent higher than those for the conical probe. The fact that the 2° cone reads high could 
be because no account was made of the shock off its apex as for the other probes. 

Wind-Tunnel Static Mach Number Measurements 

Mach numbers determined by the wedge and conical probes, as well as for the 2° cone, are plotted in 
figure C3 as a function of the wind-tunnel Mach number. The wedge and conical probe values are about 
0.025 Mach different, with the wedge probe being the highest. The 2° cone values are the lowest, 
which is consistent with the fact that no account is made of the effect of the shock off its apex. All 
values are within a percent or two of those determined by the wind-tunnel system. 


Mach Comparison 



“♦“Wedge Probe 
-■-Conical Probe 
-*-2 Degree Cone 


Figure C3. Comparison of probe-measured Mach number to wind-tunnel setting. 

Note that the wedge and conical probes use the measured total pressure at the wedge probe gage 
location, while the Mach number of the wind-tunnel system, and the calculation of that for the 2° cone, 
use a value determined upstream. 

Wind-Tunnel Transient Pressures due to Shock Generator 

Pressure distributions created by moving the probes longitudinally through the flow field created by 
the shock generator (wall disturbance bump), over a distance of about 14 inches are discussed in this 
sub-section. For the wedge probe the leading-edge shock from the generator is encountered at an x of 
~ 3.0 inches (see fig. C4) and it has a strength of 0.3 psi. It appears to have been resolved in 
0.3 inches of the travel. The bow shock is followed by a steady pressure recovery. There is a slight 
increase in pressures starting around x = 5.5 inches which, is probably due to the secondary shock 
generator. 
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Wedge Probe Transient Response 
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Figure C4. Response of wedge probe to disturbance bump shock. 

The pressure distribution created by the shock generator (wall disturbance bump), as measured by the 
conical probe, is shown in figure C5 compared to that of the wedge probe. Since the apex of the cone of 
the conical probe is ~1 inch ahead of leading edge of the wedge, the shock from the generator is felt 
-1 inch ahead of that felt by the wedge probe. Also, the shock is more smeared than for the wedge 
probe since the static- pressure measurement on the cone is -0.75 inches downstream of the apex 
where the total pressure is measured. It may be recalled that total pressure measured by the wedge probe 
orifice is used for the conical probe. It appears that the shock jump is essentially the same once the 
transients, due to the wall boundary layer and the separation of the pressure ports, are taken into 
account, as is the pressure recovery following the shock. It should be remembered that in flight, which 
the conical probe is designed for, where the signature lengths are greater than the length of the aircraft, 
the smearing seen in these tests will not be a factor. 


Wedge and Conical Probe Transient Response 



—Wedge 

—Conical 


Figure C5. Response of wedge probe and conical probe to disturbance bump shock. 

Figure C6 shows the pressure distribution, due to the shock generator (wall disturbance bump), 
measured by the 2° cone compared to the wedge probe measurement. Its pressure orifices are 
located about a half-inch ahead of the leading edge of the wedge probe and, thus, it senses the shock 
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jump ahead of the wedge by this amount. The gradual pressure recovery downstream of the shock has 
about the same gradient as the wedge probe but the values are consistently 2 to 3 percent lower 
than the wedge-probe values. It is not clear if this is a result of the variable flow field or the use of the 
wind-tunnel-system total-pressure measurement. However, the pressure recovery beyond an x of 10 
inches has a smaller gradient than that of the wedge probe. This is a different phenomenon from the 
smearing of the abrupt shock jump that is seen in this figure, as well as that shown in figure 7 of the 
text. 


Wedge and 2° Cone Probe Transient Response 


-•“Wedge 
—2 degree cone 


0 2 4 6 8 10 12 14 16 

X - position (inches) 

Figure C6. Response of wedge probe and 2° cone probe to disturbance bump shock. 

Wind-Tunnel Transient Measurements of Mach Number 

The variation of Mach number with distance was measured by the wedge and conical probes 
using the wedge-measured total pressure. The 2° cone’s static pressure was used with the wind- 
tunnel-system-measured total pressure for this calculation. 

Figure C7 shows the variation with x of the Mach number for the wedge probe. There is a slight 
increase in Mach number ahead of the shock jump due to the fact that all three pressure sensors are not 
exposed to the shock at the same time or an artifact of the processing of the shock by the wall boundary 
layer. Behind the shock the Mach number drops abruptly to 1.8. It is followed by a Mach recovery that 
lasts out to the end of the measurements. Note that there is an inflection beyond at x of 5 that is thought 
to be due to the secondary shock generator. 



56 



Mach Number Variation 



X position (inches) 

Figure Cl. Variation of Mach number across wall disturbance shock as measured by wedge probe for wind tunnel, nominal 
Mach number of 2.0. 

The x variation of the conical probe’s Mach measurements is plotted in figure C8 along with that of 
the wedge probe. For these calculations the free-stream total pressure measured by the wedge probe was 
used (as noted earlier) as it was for the pressure and flow-angle measurements. Since this sensor is ~ 1 
inch behind the apex of the cone, its measured values were translated forward by this amount to use in 
the conical-probe calculations. Due to the different geometry of the cone and the location of its sensors 
there is more reduction of the gradient beyond an x of 8 inches as was the case for the pressure. Note 
that the pressures are used in the calculation of the Mach number. It is also clear from other 
measurements and the wind-tunnel survey plots of figure 19 that there are variations in total pressure 
(lateral and longitudinal) in the test region of these probes. One evidence of this is the difference in 
Mach number at x = 0. 


Mach Number Variation 



X position (inches) 


Figure C8. Variation of Mach number across wall disturbance shock as measured by wedge probe and conical probe for wind 
tunnel, nominal Mach number of 2.0. 
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While the 2° cone is not normally used for Mach number measurements (and it would not be useful 
in flight) it is possible to calculate Mach number using the 2 °-cone- measured static pressure and the 
wind-tunnel-measured total pressure (as noted earlier). The results are presented in figure C9 along with 
the wedge-probe results. As with the other probes, the shock jump is smeared. It produced the highest 
Mach numbers downstream of the shock jump and the gradient in Mach number beyond an x of 6.0 is 
smaller than that of the wedge probe. 


Mach Number Variation 



X position (inches) 

Figure C9. Variation of Mach number across wall disturbance shock as measured by wedge probe and the 2° cone for wind 
tunnel, nominal Mach number of 2.0. 
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